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Evidence has been presented  demonstrating the uniqueness of the bone marrow, 
as compared to the other lymphoid organs, in the rabbit. It was observed that normal 
rabbit bone marrow cells,  unlike cells of the other normal lymphoid organs, respond 
with blastogenesis and mitosis and incorporate tritiated thymidine following stimula- 
tion with any of a large number of antigens in vitro (1,  2). It was found that bone 
marrow  cells  obtained  from  an  immunized  rabbit  sacrificed  8-24 hr following im- 
munization  ("primed"  bone  marrow)  lose  the  capacity  to  respond  to  the  specific 
antigen  in  vitro,  although  their  response  to  other,  non-cross-reacting  antigens  is 
unimpaired (2). The cell (or cells) in the normal bone marrow exhibiting this activity 
was identified as a  lymphocyte or lymphoid cell  following fractionation of the bone 
marrow in a sucrose density gradient (3).  In a subsequent investigation (4, 5), these 
findings  were  further  confirmed  using  a  different  technique,  the  hemolysis  in  gel 
(plaque) method of Jerne et al. (6,  7). It was observed that spleen cells of irradiated 
rabbits (800 R  total body irradiation) given normal allogeneic bone marrow cells and 
immunized with sheep erythrocytes were capable of producing many hemolytic plaques 
in  vitro.  Cells  of the  other lymphoid organs of  the  recipient  did  not possess  this 
activity  (5).  However,  spleen  cells  of irradiated  rabbits  given  "primed"  allogeneic 
bone marrow cells and immunized with sheep erythrocytes were incapable of producing 
plaques in vitro (5). It was further demonstrated, utilizing the technique of inhibition 
of plaque  formation  with  antiallotype  antiserum,  that  the  antibody-producing or 
plaque-forming cell in the irradiated  recipient rabbit is irradiation-resistant  and is of 
host, not donor, origin (8). This cell is therefore not derived from any of the allogeneic 
bone marrow cells transferred. 
Thus, it appears that the immunocompetent cell in the transferred  marrow 
capable  of conferring  antibody-forming capacity  to  an  irradiated  host  is  the 
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antigen-reactive  cell,  and  that  normal  bone  marrow  possesses  no  antibody- 
forming cells. If such is the case, it should be possible to demonstrate a  direct 
interaction between the antigen and the antigen-reactive cell in vitro. Such an 
interaction  occurs,  as  is  shown  below  using  specific  antigen-sensitized  glass 
bead columns.  The  passage of normal bone marrow  cells through  the column 
resulted in retention by the column of the specific antigen-reactive cells, which 
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FIG. 1. Protocol for the demonstration of the specific interaction of antigen with the antigen- 
reactive cell in vitro. 
could be eluted from the column and be shown  to possess immunocompetence 
directed only to the specific antigen used to sensitize the glass beads. 
Methods and Materials 
Adult New Zealand white rabbits were used throughout this study. The antigens used were 
human serum  albumin  (HSA)  (Hyland Laboratories, Los  Angeles, Calif.,  sheep  red blood 
cells (S-RBC), and horse red blood cells (H-RBC). The red cells were obtained as sterile cell 
suspensions  in Alsever's solution.  Red cell stroma were prepared by lysis of the red cells in 
sterile distilled water, and the stroma were then sonicated using a  Fisher Ultrasonic probe 
(16,000 cycle/sec for 1 min). This latter material is referred to as the sheep cell sonicate (SCS) 
or the horse cell sonieate  (HCS)  preparation. 
The protocol of the experimental procedures is diagrammatically  presented in Fig. 1. Normal 
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by the intravenous administration of Nembutal  (50 mg/kg body weight). The femur and 
tibia were split open with a bone cutter, and the bone marrow was flushed into sterile plastic 
tubes (Falcon Plastics, Los Angeles, Calif.) containing 5 ml sterile normal rabbit serum (NRS). 
The tubes were capped, shaken for 1-2 rain, and centrifuged at 600 rpm for 5 min. The fatty 
superuatants were discarded, and the cells were suspended in Medium 199 (Med-199) (Micro- 
biological Associates, Bethesda, Md.)  and centrifuged a  second time. The ceils were resus- 
pended to a concentration of 10  s cells/ml in Med-199 containing 15% NRS. These cells were 
then passed through a column of antigen-sensitized glass beads prepared according to Wigzell 
and Andersson (9). A column 20 cm long and 1.5 cm I.n. was used. The giass beads (Super- 
brite glass beads, type 100-5005,  obtained from the Minnesota Mining and Manufacturing 
Co., St. Paul, Minn.) were boiled in nitric acid for 15 rain, after which they were washed with 
phosphate-buffered saline (pH 7.0)  (PBS) until the pH of the wash solution was 7.0.  The 
antigen, HCS or SCS processed from 25 ml packed red cells (or 250 mg HSA), was added to 
25 ml glass beads in 25 ml PBS, incubated at 45°C for 1 hr, and then left overnight at 4°Cin 
the presence of 10% NRS. The antigen-sensitized beads were then poured into the glass column 
and washed with approximately 10 volumes PBS. As will be seen below, no antigen could be 
detected in the final effluent wash using the technique of inhibition of specific agglutination 
of antigen-sensitized red blood cells (10). The normal bone marrow cells (300-500 X  10  ° cells) 
in 3-5 ml of Med-199 were then applied to the head of the glass bead column and passed 
through the column with Med-199 as eluting fluid. When cells could no longer be recovered in 
the effluent, the glass beads were placed in a sterile 250 ml flask and vigorously shaken for 5 
rain. The cells in the supernatant which were eluted from the antigen-sensitized glass beads 
(eluate) were centrifuged and washed with Med-199. The cells in both the effluent and eluate 
were suspended in Med-199 and injected into allogeneic adult rabbits which had  just been 
subjected to 800 R total body irradiation from a  e°Co source. Some rabbits were injected with 
either the effluent or eluate fraction; others received a mixture of effluent and eiuate cells, and 
the remaining animals were injected with varying numbers of the unfractionated bone marrow 
cell suspension (Fig. 1). All the rabbits were injected intravenously with 0.5-1  X  109 S-RBC 
or H-RBC. Since only a  small number of eluate cells were injected into the irradiated recip- 
ients,  a  subthreshold  dose of the original unfractionated bone marrow  cell suspension  was 
also administered. All animals were sacrificed 7 days later with intravenous Nembutal  (50 
mg/kg body weight), and the spleens were excised and blood was obtained via intracardiac 
puncture. The spleen was cut into fragments which were pressed through 50 mesh wire gauze 
into cold Med-199 to obtain a cell suspension. These cells were analyzed for their direct plaque- 
forming capacity by the hemolysis in gel technique of Jerne et al. (6, 7). 
Other irradiated rabbits were given bone marrow cells fractionated on the HSA-sensitized 
glass bead column  (Fig.  1)  and 25 mg HSA intravenously. The rabbits were then bled at 
intervals of time and the sera were tested for their antibody content by the passive hemag- 
glutination technique (10).  Hemagglutinin titers under 10 are considered to be negative in 
all of the tables presented. 
Smears of the unfractionated bone marrow, effluent cells, and eluate cells were prepared on 
cleaned glass slides and stained with hemotoxylin and eosin or Giemsa stains. They were 
analyzed for their morphological and staining characteristics under the microscope. 
The viability of the various cell fractions was determined by the dye exclusion test, using 
2% trypan blue. A drop of the dye was added to 1 ml of the cell suspension, and the latter 
was then analyzed in a  hemocytometer. The viability of the cells, on the basis of 200 cells 
counted, was recorded as a percentage of dead cells. 
RESULTS 
A. Establishment of Optimal Conditions for the Fractionation of Normal Bone 
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Bone  Marrow  Cells.--As  can  be  seen  in Table I,  the  total  number of  cells 
recovered following passage  of  normal bone marrow  cells  through  either  an 
antigen-sensitized  or an unsensitized glass bead column was in the range of 40-- 
55 % of the original cell preparation. This range of recovery, which was obtained 
in a  total of 20 experiments, represents the number of cells recovered in both 
the effluent and eluate. The vast majority of the cells recovered constituted the 
TABLE I 
Extent of Recovery o/Normal Rabbit Bone Marrow Cells Fractionated by Passage through an 
Antigen-Sensitized Glass Bead Column 
Cells added to column  Cells  obtained in effluent* Cells eluted  from glass beads$ 
Antigen  used for 
Per cent  No.  Per cent  Per cent  sensitizing glass beads  No.  of original  of original  No.  of original 
HSA  5 X  108  100  2.0 X  l0  s  40  7.5 X  106  1.5 
SCS  5 X  l0  s  100  1.5 X  l0  s  30  45.0 X  l0  B  9.0 
None  5 X  10  s  100  2.5 X  10  s  50  27.0 X  106  5.4 
* Cells which passed through the column. 
:~ Cells retained by the glass beads and recovered by shaking of the beads. 
TABLE II 
Viability of the Rabbit Bone Marrow Cells Recovered after Passage through an A ntigen-Sensitized 
Glass Bead Column 
Antigen  used for coating 
glass beads 
Viability  of cells (per cent dead)* 
Unfractionated  Effluent fractions  Eluate fraction§  bone marrow 
HSA  11  11  16 
SCS  8  9  20 
None  12  12  16 
* Cells stained with trypan blue. 
:~ Cells which passed through the column. 
§ Cells retained by the antigen-sensitized glass beads and eluted by shaking. 
effluent fraction. The cells which were subsequently eluted from the glass bead 
column, by shaking the beads in Med-199 for 5 rain, constituted only 1-10% of 
the original cell population, with a  mean value of 3-5 %.  It should be noted 
that  cells  could  be  eluted  from  glass  beads  which  had  not  been  originally 
sensitized with  antigen  (Table I). 
Insofar as the viability of the fractionated cells is concerned, the effluent cells 
were as viable as the original unfractionated bone marrow cell suspension (Table 
II). The percentage of dead cells in the eluate fraction was somewhat higher, 
however, probably reflecting the damage incurred during vigorous shaking of 
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In  order  to  establish  base  line values  for  the  following experiments,  the 
minimum number of normal bone marrow cells required to be transferred to an 
irradiated host in order to confer plaque-forming capacity to the spleen cells of 
the recipient was determined. The administration of 5  X  108 cells has  been 
found, in previous studies (5), to confer maximum activity. Threshold activity 
was obtained following the transfer of 0.5-1.0 X  10  s bone marrow cells,  whereas 
a smaller number of bone marrow cells could not confer plaque-forming activity 
to an irradiated recipient rabbit (Table III). 
B.  Isolation  of Antigen-Reactive  Cells  Directed  to  lISA  by  Passage  of Cells 
through  an  HSA-Sensitized  Glass  Bead  Column--Passive  Transfer  of Specific 
Immunocompetence  with  These Cells.--Normal  rabbit bone marrow cells were 
TABLE III 
Rdationship  between the  Capacity of the  Spleen Cells in an Irradiated Rabbit to  Produce 
Hemolytic Plaques and the Number of Normal Bone Marrow Cells Injected along with the 
Antigen (S-RBC) 
No. of normal rabbit bone marrow cells transferred  No. of hemolytic plaques  per 106 splenic 
to irradiated  host* (plus 100 S-RBC)  cells of recipients  on day 7 
5.00 X  10  s  68 
2.00 X  108  30 
1.00 X  lO  s  12 
0.50 X  108  12 
0.25  X  108  1 
* Normal rabbits were subjected to 800 R total body irradiation and then given allogeneic 
bone marrow and I  X  109 S-RBC. 
fractionated by passage  through an unsensitized glass  bead column, yielding 
effluent and eluate fractions. The latter cells were injected into irradiated recip- 
ient rabbits which were also immunized with 25 mg HSA. Only recipients of 
effluent cells formed circulating antibodies to HSA. At no time were antibodies 
found in the circulation of recipients of eluate cells (Table IV). 
When the cells were fractionated on an HSA-sensitized glass bead column, 
results  of  an  opposite  nature  were  obtained.  In  this  case,  only  irradiated 
recipients of eluate cells responded with an immune response to HSA, whereas 
irradiated rabbits injected with effluent cells or effluent cells and a subthreshold 
dose of unfractionated bone marrow failed to respond upon immunization with 
HSA (Table V). These experiments were repeated in an identical fashion four 
times, with essentially identical results. 
The effect of the presence of free or excess antigen in the glass bead column 
on the subsequent fractionation of the bone marrow cells is presented in Table 
VI. In this case, all the immunocompetent activity, with respect to HSA, was 
localized to the effluent fractions. Recipients of eluate fractions did not respond 
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C.  Transfer  of  Iramunocompetence  with  Respect  to  Red  Cells  to  Irradiated 
Rabbits  with Fractions  of Bone Marrow  Obtained  by  Passage  of Bone Marrow 
Cells through Red Cell-Sensitized Glass Bead Columns.--Initial  experiments were 
aimed  at  demonstrating  the  lack  of  affinity of  the  antigen-reactive  cells  for 
TABLE IV 
Immune Response to HSA  in Irradiated Rabbits Given Fractions of Normal  Bone Marrow 
Passed through an Unsensitized Glass Bead Column 
No. of bone marrow cells 
transferred in each fraction 
Hemagglutlnin titers in irradiated recipients 
subsequent to transfer of bone marrow* 
Day 8  Day 12  Day 16  Day 25  Day 32 
Eluate (2.5 X  10  6)  0:~  0  0  0  0 
Effluent (3 X  10  s)  10  80  150  40  0 
Eluate (2.5  X  106) +  effluent  0  160  150  80  0 
(3 x  10 s) 
* Rabbits were subjected to 800  R  total body irradiation followed  by the intravenous 
injection of 25 mg HSA and the specified fraction of bone marrow. 
~t Titers less than 10 are considered negative. 
TABLE V 
Immune Response to HSA  in Irradiated Rabbits Given Different Fractions of Bone Marrow 
Obtained by Passage of Cells through an HSA-Sensitized  Glass Bead Column 
No.  of bone marrow cells transferred 
in each fraction 
Hemagglutinin titers in irradiated recipients 
subsequent to transfer of bone marrow* 
Day8  Day 12  Day 16  Day24:~  Day 30  Day 36 
Unfractionated bone marrow (2.5 X  l0  s)  0§  80  80  20  160  40 
Effluent (1  X  10  s)  +  unfractionated bone  0  0  0  0  0  40 
marrow (2 X  10  7) 
Eluate  (4  X  10  6)  +  unfractionated bone 
marrow (2 X  10  r)  10  40  80  20  320  150 
Effluent (1 X  10  8)  0  0  0  0  10  40 
Eluate (4 X  10  6)  20  40  40  0  80  150 
Unfractionated bone marrow (2 X  10  7)  0  0  0  0  0  0 
* Rabbits were subjected to 800 R total body irradiation followed by the intravenous in- 
jection of 25 mg HSA. 
Each rabbit received 10 mg HSA intravenously to induce a secondary immune response. 
§ Titers less than 10 are considered  negative. 
unsensitized glass beads. Normal rabbit bone marrow cells were passed through 
an unsensitized glass  bead  column,  and  the  effluent and  eluate  cell fractions 
obtained were  administered  to  irradiated  recipients along with  the  red  cells. 
Only the spleen cells of recipients given either unfractionated bone marrow or 
the  effluent cells of bone marrow were  capable  of producing plaques  in vitro 
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TABLE VI 
Immune Response to HSA  in Irradiated Rabbits Given Different Fractions of Bone Marrow 
Obtained by Passage of Cdls through an HSA-Sensitized  Glass Bead Column: Effect of 
the Presence of Unbound* HSA in the Columns 
No. of bone marrow cells transferred 
in each fraction 
Hemagglutinin titers in irradiated recipients 
subsequent to transfer of bone marrows 
Day8  Day 12  Day 16  Day 24§  Day30  Day 36 
Unfractionated bone marrow (1.5 X  l0  s)  01]  80  20  0  80  40 
Effluent (0.75 X l0  s) + unfractionated  bone  0  10  20  0  160  40 
marrow (2 X  107) 
Eluate  (2  X  106) +  unfractionated  bone  0  0  0  0  0  10 
marrow (2 X  107) 
Effluent (0.75 X  10  s)  0  20  10  0  80  40 
Eluate (2 X  106)  0  0  0  0  0  0 
Unfractionated bone marrow (2 X  107)  0  0  0  0  0  0 
* Last wash of the glass bead column prior to passage of the bone marrow cells contained 
l#g HSA/ml of the wash. 
$ Rabbits were subjected  to 800 R  total body irradiation followed by the intravenous 
injection of 25 mg HSA. 
§ Each rabbit received 10 mg HSA intravenously  to induce a secondary immune response. 
I[ Titers less than 10 are considered negative. 
TABLE VII 
Plaque-Forming Capacity of Spleen Cells of Irradiated Rabbits Given Different Fractions of 
Normal Bone marrow Cells Obtained by Passage of Cells through an  Unsensitized Glass 
Bead Column 
No. of plaques per 106 
No. of cells transferred to irradiated recipient  recipient splenic 1,y~nphoid 
in each fraction*  cells incubated with sheep 
red cells and complement 
Unfractionated bone marrow (4 X  l0  s) 
Eluate (13X  106) +  unfractionated bone marrow (25 X 106) 
Effluent (108) +  unfractionated  bone marrow (25 X  10  e) 
Eluate (13 X  108), effluent (10s), and unfractionated bone marrow 
(25 X  106) 
68 
<1 
33 
31 
* Rabbits were subjected to 800 R total body irradiation followed by  the  intravenous 
injection of 109 S-RBC. 
Similarly, passage of cells through an HSA-sensitized glass bead column resulted 
in the localization of all the antigen-reactive cells directed to sheep red cells in 
the effluent fraction. Here as well, the eluate fraction could not transfer im- 
munocompetence directed toward the sheep red cell (Table VIII). 
When the bone marrow cells were fractionated using a  glass bead column 
sensitized with the solubilized sheep red cell stroma preparation (SCS), all the 
antigen-reactive cells directed to sheep red cells were retained in the column, 148  CELLS  INVOLVED  IN  IMMUNE  RESPONSE.  X 
since the effluent cells possessed no capacity to transfer plaque-forming ability 
to sheep red cells in irradiated recipients (Table IX). The cells eluted from the 
SCS-sensitized  glass  bead  column  possessed  all  the  antigen-reactive  cells 
directed  toward  sheep  red  cells,  since they could confer considerable  plaque- 
forming capacity on the spleens of irradiated recipients (Table IX). 
TABLE VIII 
Plaque-Forming Capacity of Spleen Cells of Irradiated Rabbits Given Different Fractions of 
Normal  Bone Marrow Cdls  Obtained by Passage of Cells through an  HSA-Sens#ized 
Glass Bead Column 
No. of cells transferred to irradiated recipient 
in each fraction* 
No. of plaquesper lOS 
recipient splenic lymphoid 
cells incubated with sheep 
red cells and complement 
Unfractionated  bone marrow (25 X  106) 
Eluate (17.5 X  106) +  unfractionated  bone marrow (25 X  106) 
Effluent (260 X  106) +  unfractionated  bone marrow (25 X  106) 
Effluent (260 X  106) 
1 
5 
68 
45 
* Rabbits were subjected  to 800 R  total body irradiation  followed by the intravenous 
injection  of 109 S-RBC. 
TABLE IX 
Plaque-Forming Capacity of Spleen Cells of Irradiated Rabbits Given Different Fractions of 
Normal Bone Marrow Cells Obtained by Passage of the Cells through a Sheep Red 
Cell-Sensitized Glass Bead Column 
No. of plaques per lOS 
No. of cells transferred to irradiated recipient  recipient splenic lymphoid 
in each fraction*  cells incubated with sheep 
red cells and complement 
Unfractionated  bone marrow (5 X  108) 
Eluate (22 X  106) +  unfracfionated  bone marrow (25 X  106) 
Effluent (75 X  106) +  unfractionated  bone marrow (25 X  106) 
Eluate (22 X  10s), effluent (75 X  106), and unfractionated  bone 
marrow (25 X  106) 
87 
49 
1 
53 
* Rabbits were subjected  to 800 R total body irradiation  followed by the intravenous  in- 
jection of 109 S-RBC. 
The antigenic specificity of the cells retained by the antigen-sensitized glass 
bead  columns was  further  established  by fracfionafing bone marrow  cells  on 
two  columns  sensitized  with  soluble  stromal  preparations  of  two  non-cross- 
reactive red cell species--sheep  (SCS)  and horse  (HCS)  erythrocytes. In each 
case (Tables X  and XI), the sensitized glass bead column retained the antigen- 
reactive cells directed only to the antigen used to sensitize the column. 
The passage of normal bone marrow cells through an HCS-sensitized column 
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cells  (Table XII).  However,  passage  of  the  effluent  (sheep  red  cell-reactive) 
cells,  recovered  from  the  HCS  column,  through  an  SCS-sensitized column 
TABLE X 
Plaque-Forming  Capacity,  uqth  Respect, to  Sheep  and  Horse  Red  Cells,  of Spleen  Cells of 
Irradiated  Rabbits  Given  Bone  Marrow  Cells  Fractioncaed  on  a  Sheep  Red  C~- 
Sensitized  Glass Bead Column 
No. of cells injected  into irradiated recipient 
in each fraction* 
No. of plaques  per lOS 
recipient splenic Iymj?hoid 
cells incubated  wtth 
H-RBC  S-RBC 
Unfractionated bone marrow (2.8 X  l0  s)  45 
Unfractionated bone marrow (25 X  106)  6 
Eluate (10 X  106)  4 
Eluate (10 X  106) +  unfractionated bone marrow (25 X  106)  2 
Effluent (1.5 X  10  s)  40 
Effluent (10 X  106)  4 
Effluent (1.5 X  10  s) +  unfractionated bone marrow  49 
(25 x  106) 
63 
3 
37 
48 
5 
3 
9 
* Rabbits were subjected to 800  R  total body irradiation followed  by the intravenous 
injections of 109 S-RBC and 10 ° H-RBC. 
TABLE XI 
Plaque-Forming  Capacity,  with Respect  to  Sheep  and  Horse  Red  Cdls,  of Spleen  Cdls  of 
Irradiated  Rabbits  Given  Bone  Marrow  Cdls  Fractionated  on  a  Horse  Red 
Cdl-Sensitized  Glass Bead Column 
No. of cells in~ected  into irradiated recipient 
m each fraction* 
No. of plaques per lOe 
recipient splenic  lymphoid 
cells incubated with 
H-RBC  S-RBC 
Unfractionated bone marrow (4 X  108)  53  72 
Unfractionated bone marrow (25 X  l0  s)  4  2 
Eluate (24 X  106)  39  8 
Eluate (24 X  10 6) +  unfractionated bone marrow (25 X  106)  47  3 
Effluent (108)  6  44 
Effluent (24 X  10 6)  3  4 
Effluent (10  s)  +  unfractionated bone marrow (25 X  106)  7  61 
* Rabbits were subjected to 800  R  total body irradiation followed  by the intravenous 
injections of 109 S-RBC and 109 H-RBC. 
resulted  in the  retention  of  sheep  red  cell-reactive  cells  by  the  glass  bead 
column (Table XII). 
In  order  to  ascertain  whether  the  capacity  of  the  bone marrow  antigen- 
reactive  cells  to  react  with  antigen on  the  glass  beads  is  dependent  on  the 
presence of other "nonspecific" cell types  (i.e. macrophages),  which are them- 150  CELLS  INVOLVED  IN  IMMUNE  RESPONSE.  X 
selves  removed  by  the  glass  beads,  normal  bone  marrow  cells  were  passed 
through an unsensitized glass bead column, followed by passage of the recovered 
effluent cells through an SCS-sensitized column (Table XIII). The unsensitized 
column did not retain any cells capable of transferring specific plaque-forming 
capacity; on the other hand,  a  second passage of the cells through  the SCS- 
sensitized column resulted in the specific retention of cells capable of mediating 
an immune response to sheep red cells (Table XIII). 
TABLE XII 
Plaque-Formlng Capacity, with Respect to Sheep and Horse Red Cells, of Spleen  Cells of 
Irradiated Rabbits Given Bone Marrow Cells Fractionated Initially  by Passage 
through a Horse Red Call-Sensitized Glass Bead Column Followed by 
Passage through a Sheep Red Cell-Sensitized Glass Bead Column 
Normal bone marrow cells 
fractionated as follows 
No. of cells in each fraction injected 
into irradiated recipient* 
No. of plaques per 106 
recipient splenic 
lymphoid cells 
incubated with 
H-RBC  S-RBC 
Unfractionated cells 
I 
HCS column 
IE~luate cells 
Effluent cells 
I 
SCS column 
Eluate cells 
Effluent ceils 
Unfractionated cells (200 X 106)  80  72 
Eluate of HCS column (25 X  106)  69  8 
Effluent of HCS column (200 X 106)  9  52 
Eluate of SCS column (20 X  106)  0  39 
Effluent of SCS column (120 X 10  e)  2  5 
* Rabbits  were subjected to 800 R  total  body irradiation  followed by the intravenous 
injections of 109 S-RBC and 109 H-RBC. 
D. Morphology of Cells Recovered following Passage of Normal Bone Marrow 
Cells through an Antigen-Sensitized Glass Bead Column.--Normal  bone marrow 
cell suspensions were passed through antigen-sensitized and unsensitized glass 
bead columns, and the fractions collected--the effluent and eluate fractions-- 
and  the original unfractionated bone marrow were compared on the  basis of 
their morphological characteristics. The effluent cells appeared to be morpho- 
logically indistinguishable from the unfractionated bone marrow, both qualita- 
tively and  quantitatively  (Figs.  3  and  4).  The  effluent  consisted  of  all  the 
erythrocyte and  leukocyte precursors,  the  blast  ceils,  macrophage-like cells, 
and mature erythrocytes and leukocytes. The eluate fraction of ceils was far 
more uniform in composition (Fig. 5) and consisted of only small mononuclear 
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DISCUSSION 
In  the  present  investigation,  it  has  been  demonstrated  that  passage  of 
normal rabbit bone marrow cells through an antigen-sensitized glass bead col- 
umn results in the retention of specific antigen-reactive cells capable of mediat- 
ing an immune response in an irradiated recipient only toward the antigen used 
to  sensitize  the  column.  The  cells  which  were  not  retained  by  the  column 
(effluent)  did  not possess the capacity to transfer plaque-forming ability with 
TABLE XIII 
Plaque-Forming  Capacity,  with  Respect to Sheep  Red  Cells, of Spleen  Cells of Irradiated 
Rabbits Given Normal  Allogeneic Bone Marrow  Cells Fractionated by Passage of 
Cells through an  Unsensitised Glass Bead Column Followed by Passage 
through  a  Sheep  Red  Cell-Sensitized  Glass Bead  Column 
Norms] bone  marrow cells 
frsctionated as follows  No. of cells in each fraction in- 
jected into irradiated recipient* 
No. of plaques 
per lOI recipient 
splenic lymphoid 
cells incubated 
with S-RBC 
Unfractionated  cells 
I 
Unsensitized column 
I 
E~luate cells 
Effluent cells 
I 
SCS column 
Eluate cells 
Effluent cells 
Unfractionated  cells (46 X  l0  T) 
Eluate cells (18 X  106) 
Effluent cells (200 X  106) 
52 
2 
39 
Eluate cells (18 X  106)  28 
Effluent cells (60 X  10  s)  3 
* Rabbits were subjected  to 800 R  total body irradiation  followed by the intravenous 
injections  of  109 S-RBC. 
respect  to the specific red  cell antigen  used  to sensitize  the column, although 
they could facilitate a  response to a  non-cross-reacting red cell following their 
transfer  to irradiated  recipients.  Furthermore,  effluent cells  obtained from an 
HSA-sensitized glass bead column could not transfer humoral antibody-forming 
capacity with respect to HSA when transferred  to the irradiated  host. On the 
other hand, effluent cells from a nonsensitized column were capable of conferring 
antibody-forming capacity toward HSA or sheep red cells in irradiated hosts, as 
were bone marrow cells retained by and eluted from the specific antigen-sensi- 
tized columns. The presence of residual antigen (i.e. HSA) in the medium bath- 
ing  the  antigen  (HSA)-sensitized  glass beads prevented  the retention  by the 152  CELLS  INVOLVED  IN  IMMUNE  RESPONSE.  X 
column of cells capable of mediating an immune response to the antigen (HSA) 
in the irradiated host (Table VI). This probably was due to the competition by 
free antigen and glass bead-adsorbed antigen for the antigen-reactive cells, the 
interaction probably occurring between the antigen and an antibody-like site 
on  the  surface  of  the  antigen-reactive  cell  (see  below).  These  experiments 
demonstrated that cells are specifically retained by the antigen-sensitized glass 
bead columns, since unsensitized glass bead columns did not retain any of the 
specific  antigen-reactive  ceils.  Furthermore,  the  transfer  of  immunological 
activity by the eluted cells was shown to be specific,  in that it was directed 
solely to the antigen originally used to sensitize the column. The converse is 
true for the effluent cells, since they were unable to transfer immunocompetence 
with respect to the antigen used to sensitize the glass beads. The magnitude of 
the immune response in the irradiated recipient given the eluate cells,  which 
constitute 3-10% of the cells of the bone marrow, was on a level similar to that 
observed in recipients given the whole unfractionated bone marrow. This, in 
itself, is an unexpected finding when it is realized that as few as  20  X  10  e 
eluate cells could confer an immune response in a recipient equivalent to that 
mediated by 200-500  ×  106 unfractionated bone marrow cells. This demonstra- 
tion of specific immunocompetence of the eluate cells is even more remarkable 
when it is realized that many lymphoid cells other than the specifically bound, 
antigen-reactive cells  are nonspecifically retained by the glass beads and are 
subsequently eluted along with the antigen-reactive cells. Wigzell and Anders- 
son (9) arrived at a similar conclusion. Therefore, although the technique may 
not permit the isolation only of specific  antigen-reactive cells,  it does make 
possible the complete segregation of one species of antigen-reactive cells from 
all the others. Stimulation of the ceils by the specific  antigen in vitro in the 
presence of tritiated thymidine, followed by radioautographic analysis of the 
cell preparation, may provide a more precise indicator of the number of specific 
antigen-reactive ceils in the eluate fraction. 
No significant differences were observed in the immune responses of irradiated 
recipients given eluate cells alone or eluate ceils plus a subthreshold dose of the 
unfractionated bone marrow. The latter dose of bone marrow cells was incapa- 
ble, by itself, of mediating an immune response in an irradiated recipient. The 
reasons for the administration of this dose of bone marrow ceils were twofold: 
(a) to decrease the severity of irradiation-induced morbidity and/or mortality 
in sublethally irradiated rabbits receiving only a small number of bone marrow 
(i.e.  eluate)  cells  (we  have  observed  that  approximately  10-20%  of  the  ir- 
radiated rabbits die if they are not protected with bone marrow)  and  (b)  to 
provide the recipient with macrophages and/or other cell types which, although 
not the predominant cell(s)  required for the induction of the primary immune 
response, may nevertheless be necessary in small numbers in order to potentiate 
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been shown to play an active role in promulgating the sequential steps leading 
to humoral antibody formation, especially in the primary response (11-15). It 
has also been demonstrated that macrophages are retained by the glass bead 
columns (16-18) and apparently are not eluted by the procedure utilized in this 
investigation.  Furthermore,  the  glass  bead  purified  lymphocyte suspensions 
have been found to display a  markedly reduced response to antigens,  which 
could be restored to normal by the addition of macrophages to the system (17, 
18). It was therefore felt that the administration of a subthreshold dose of un- 
fractionated bone marrow along with the test cell preparation (eluate or effluent) 
might enhance the primary immune response in the irradiated recipient. 
The results, however, do not lend support to these theoretical considerations. 
The immune response of irradiated recipients given eluate cells and a subthresh- 
old dose of unfractionated bone marrow cells was only slightly enhanced com- 
pared with  that  obtained in a  recipient given eluate cells only. Furthermore, 
initial passage of the unfractionated cell suspension through a column sensitized 
with  a  non cross-reacting antigen  (Table XII)  or an unsensitized glass  bead 
column (Table XIII) prior to passage of the cells through a specifically sensi- 
tized column did not diminish the effectiveness of the eluate cells  to transfer 
specific  immunocompetence  to irradiated  recipient  rabbits.  Since  the  initial 
passage of the cells should have depleted the cell suspension of macrophages or 
seriously reduced  their  number  (17-19),  it  is  obvious  that  the  functionally 
active macrophage does not participate in the interaction between the antigen- 
reactive cell and the antigen adsorbed onto the glass beads. Although one might 
be tempted to rule out any role for the macrophage in  the induction of the 
primary response in the irradiated recipient rabbit,  it would be necessary to 
establish  unequivocally that  the  exposure to 800 R  irradiation killed all  the 
macrophages and their precursor cells  in vivo and that no macrophages were 
transferred with  the eluate cells.  Although macrophages could not be distin- 
guished morphologically in the eluate population of cells, it is possible, because 
of the manipulation of the cells, that they had assumed a different appearance. 
Furthermore,  it  has  been  demonstrated  that  lymphocytes can  transform  to 
macrophages (19), thus rendering academic the entire question of the role of the 
macrophage. 
Glass  bead  columns  have  been  utilized  by  a  number  of  investigators  in 
attempts to separate morphologically identical but functionally different lym- 
phocyte populations  (9,  16-18,  2(~22).  Plotz and  Talal  (16)  passed  immune 
mouse and rat spleen cells through glass  bead columns and observed that only 
small,  immunoincompetent  mononuclear  cells  passed  through,  whereas  the 
column retained the antibody-synthesizing cells, granulocytes, and large mono- 
nuclear cells,  which could be eluted from the bead with ethylenediaminetetra- 
acetate. Oppenheim et al.  (17)  and Hersh and Harris (18) have observed that 
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of reacting to stinmlation by PHA (phytohemagglutinin) but could no longer 
be stimulated by a number of antigens to which the original donors had been 
actively immunized  and  to  which  the  unfractionated  cells  could  react.  The 
immunological  responsiveness  of  the  lymphocytes could be  reestablished  by 
the  addition  of macrophages.  Nossal  et  al.  (22)  also  observed  that  colunm- 
purified small lymphocytes, prepared from normal mouse thoracic duct lymph, 
could not  transfer immunocompetence to a  number of antigens  in irradiated 
recipients,  whereas the unfractionated cell suspensions could transfer antibody- 
forming  capacity.  However, column-purified small  lymphocytes  obtained  by 
fractionating immune mouse  thoracic duct lymph  could successfully transfer 
antibody-forming capacity to irradiated hosts. These findings suggest that  the 
macrophage, which is normally retained by the glass bead column, is required 
along  with  the  small  lymphocyte (probably the antigen-reactive cell)  in  the 
initiation of the primary immune response (23).  This cell,  however, does not 
appear to be necessary for the induction of the secondary immune response, 
since the antigen apparently reacts directly with the  antigen-recognizing-anti- 
body-forming (memory) cell (24,  25). 
Wigzell  and  Andersson  (9)  fractionated immune  mouse  lymph node  cells, 
using a specific antigen-sensitized glass bead column. They observed that anti- 
body-forming cells,  directed toward the immunizing antigen, were retained by 
the glass  beads and could subsequently be eluted from the beads by shaking. 
The binding of the cells to the antigen-sensitized glass  beads was found to be 
selective for the particular cell population, since cells from an animal immunized 
to two different antigens were deprived of reactivity to only one of the antigens, 
that adsorbed onto the glass beads, following passage through the column. Thus, 
the specific interaction of the antigen-bead complex with the antibody-forming 
cell cannot be ascribed to passively adsorbed antibody by the cells.  However, 
the  great  specificity  of  the  interaction  makes  it  mandatory  to  assume  an 
immunological nature for the interaction, and it must be due to reaction of the 
glass-adsorbed antigen with specific antibody or antibody-like sites produced 
by, and retained on the surface of, the specifically retained immune cells them- 
selves. This explanation might not be the only one, however, for it does not 
aid at all in elucidating the mechanism of interaction observed in the current 
investigation. Here normal, not immune,  cells were utilized, and it was a select 
population of normal bone marrow cells which was  retained by the antigen- 
sensitized glass bead column. Since no immune response had previously been 
induced in the donor of these cells, the interaction of the normal bone marrow 
cells with the antigen adsorbed onto the glass bead column cannot be attributed 
to conventional antibody. However, the specificity of the interaction between 
the antigen and a particular immunologically specific lymphoid cell necessitates 
the assumption of the presence of some sort of immunoglobulin or antibody-like 
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reacting with  it.  This concept was  originally presented by Ehrlich almost  a 
century ago (26)  as the "side chain theory," and has been discussed at length 
by Mitchison (27) and Gell (28). Recent investigations (29-31) tend to confirm 
the validity of this concept. It has been observed that goat anti-rabbit immuno- 
globulin  antiserum  (GARIG)  can  stimulate  normal  rabbit  lymphocytes  to 
undergo blastogenesis and mitosis in the same manner as antigen can stimulate 
immune lymphocytes.  1 Furthermore, rabbit peripheral lymphocytes incubated 
with GARIG are capable of conferring antibody-forming capacity directed to 
goat gamma  globulin  when transferred to recipient rabbits  previously made 
tolerant to goat gamma globulin, whereas rabbit ]ymphocytes incubated with 
normal goat gamma globulin do not possess this activity.  1 These data suggest 
that GARIG e~hibits a great affinity toward peripheral lymphocytes and imply 
that  GARIG reacts with  an  immunoglobulin or immunoglobulin-like site on 
the surface of the cell.  Paul et al.  (32)  have also demonstrated a  relationship 
between the affinity of an antigen for lymphoid cells and the capacity of the 
antigen to induce mitosis of the cells in vitro. Fidalgo and Najjar (30)  arrived 
at a similar conclusion in investigations with dog lymphoid cells.  Merler and 
Janeway (29) have eluted a material from immune human lymphoid cells which 
was capable of interacting with the antigen,  thus suggesting that it is an im- 
munoglobulin.  It  would  therefore appear  that  normal,  as  well  as  immune, 
lymphoid cells possess immunoglobulins or immunoglobulin-like structures on 
their surfaces, which exhibit specific affinities toward particular antigens. 
The above interpretation goes a  long way toward an understanding of the 
mechanism  of interaction between the  antigen-reactive cell and  the antigen. 
Certainly, the reaction of the normal bone marrow cells with antigen cannot be 
attributed  to  interaction of  the  antigen  with  antibody-forming cells  (which 
would be expected to possess specific immunoglobulin molecules on their sur- 
faces), since previous investigations have disclosed that the immunocompetent 
cells residing in normal bone marrow are antigen-reactive cells and not antibody- 
forming cells (actual or potential) (8). Thus, it would appear that  the antigen- 
reactive cell exercises its function on the basis of specific antibodv-like sites on 
its surface capable of reacting with the antigen. 
The data presented here, demonstrating a specific interaction between anti- 
gen and antigen-reactive cells in normal rabbit bone marrow, and the isolation 
of the latter cells,  confirm previous findings concerned with the immunological 
role of the bone marrow  (1-5,  8).  It has previously been noted that  normal 
rabbit bone marrow cells react with blastogenesis and mitosis as a result of in 
vitro stimulation with a great variety of antigens (1, 2), and that bone marrow 
cells obtained from a  rabbit injected with  the antigen only 8-24 hr prior to 
1  Daguillard, F., and M. Richter. Unpublished results. 156  CELLS  INVOLVED  IN  IMMUNE  RESPONSE.  X 
sacrifice  (primed  bone  marrow)  lose  the  capacity  to  respond  to  the  specific 
immunizing antigen  in  vitro,  but  not  to  other  antigens  (2).  One  explanation 
offered was  that  the  immunocompetent  antigen-reactive  cells  in  the  normal 
bone  marrow  emigrate  from  the  bone  marrow  following  contact  with  the 
antigen. However, the target organ (or organs) for these cells and their further 
functions  in  the  immune response,  if any,  have not  been elucidated  (Fig.  2). 
Another, equally plausible theory is that the bone marrow cells become immuno- 
logically  tolerant  to  the  antigen  following intravenous  administration  of  the 
antigen and therefore cannot interact with the antigen in vitro. A  third  inter- 
Fla.  2.  Cellular interactions during the immune response in the rabbit; a diagrammatic 
representation. 
pretation of our previous data is that the reaction of normal bone marrow cells 
with antigen in vitro has nothing to do with immunocompetence but is simply 
an incidental  interaction  facilitated by the conditions  of the  experiment. The 
findings  reported  in  recent  studies  (8),  demonstrating  the  antigen-reactive 
nature of the immunocompetent cells in normal bone marrow, and the present 
demonstration that the antigen-reactive cells in normal b~ne marrow interact 
with the antigen  adsorbed onto glass beads and are capable of expressing im- 
munocompetence following their elution from the glass beads, support only the 
first  concept  presented  above.  These  data,  therefore,  strongly  indicate  that 
antigen-reactive  cells  in  fact  migrate  out  of  the  bone  marrow in  the  rabbit 
following contact with the antigen.  Since specific antigen-reactive cells do not 
repopulate the bone marrow even months following the immune response (2), 
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cell  in  the marrow,  is in fact immunologically tolerant with respect  to  the 
specific  immunizing antigen.  Since the cells  which vacate the bone marrow 
following antigenic stimulation appear  to be directed to only a single particu- 
lar antigen,  it  would  appear  that they all arise from a  single precursor cell 
or clone of cells,  thus leaving the  bone marrow  deficient in cells  capable  of 
responding to this antigen. This concept, therefore, strongly supports the clonal 
selection theory of Burnet, proposed more than a decade ago (33),  and impli- 
cates the bone marrow as the organ in the rabbit which serves as the main 
source of the precursors  or mature representatives  of antigen-reactive cells. 
Investigations in the mouse, however, have not been as precise in elucidating 
the organ source of the antigen-reactive cell. In this regard, it has been demon- 
strated that irradiated mice are capable of an immune response only if given 
allogeneic bone marrow and  thymus cells  (34-39).  Miller and Mitchell (38) 
have unequivocally demonstrated that the thymus cell~ rather than the bone 
marrow  cell~ must first interact with  the  antigen in  order  for the  immune 
response to ensue in the recipient irradiated mouse. These data suggest that the 
thymus in the mouse possesses  the antigen-reactive cells (39). Taylor (34) has 
presented evidence that further corroborates this view. He observed that irra- 
diated mice responded with antibody formation if given allogeneic bone marrow 
and thymus cells along with the antigen, bovine serum albumin (BSA). How- 
ever,  if the recipient irradiated mouse was given normal bone marrow cells 
and  thymus cells  from a  donor injected  with  BSA  24  hr  prior  to  sacrifice 
(primed thymus cells),  no immune response was observed. On the other hand, 
irradiated recipients of primed bone marrow ceils and normal thymus cells gave 
good immune responses. These data indicate that, in the mouse, the thymus 
possesses  the antigen-reactive cells which, as in the rabbit, vacate the thymus 
after contact with the antigen in vivo, and that the bone marrow in the mouse 
constitutes the store of antibody-forming cells (39).  Furthermore, since irradi- 
ated mice do not exhibit an immune response if given only thymus antigen- 
reactive cells and antigen (34-39), it would appear that the antibody-forming 
cell  in the mouse is irradiation-sensitive, unlike that in the rabbit,  which is 
irradiation-resistant (8).  An alternative hypothesis, which must be ruled out 
experimentally, is that the antibody-forming cell in the mouse is of recipient 
origin and is irradiation-resistant to 800 R, as in the rabbit (8), but that another 
cell type, other than the thymic antigen-reactive cell, normally resident in the 
bone marrow is required in order to mediate the immune response in the mouse. 
The sequence of cellular events mediating the primary humoral immune re- 
sponses in the rabbit and the mouse, as postulated by the present investigators, 
is presented in Fig. 2. 
In summary, by the use of either of two techniques, one can obtain a popula- 
tion of normal marrow cells deficient in reactivity to a particular antigen. The 
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administration of the antigen (primed bone marrow) (2) and (b) actual removal 
of the specific antigen-reactive cells from a suspension of normal bone marrow 
cells by passage of the cells through  an antigen-sensitized glass bead column. 
The potential use of such specifically induced immunodeficient (tolerant) popu- 
lations  of cells is  obvious,  and  experiments are  currently underway utilizing 
immunologically induced immunoincompetent bone marrow cells in an attempt 
to inhibit the rejection of transplanted tissue in an allogeneic rabbit. 
SUMMARY 
The antigen-reactive cells in normal rabbit bone marrow could  be isolated 
from a  suspension of marrow cells by passage of the cells through an antigen- 
sensitized glass bead column. The cells which passed through the column were 
deficient in antigen-reactive cells directed  to the antigen used to sensitize the 
glass beads, whereas the cells eluted from the column could transfer antibody- 
forming  capacity  to  irradiated  recipients  only  with  respect  to  the  specific 
sensitizing antigen. Separation of the bone marrow antigen-reactive cells could 
not be achieved by passage of the cells through nonsensitized glass bead columns 
or in the presence of excess free antigen  in the column.  Cells which  were re- 
tained by, and later eluted from, the antigen-sensitized glass bead columns were 
mostly  small  mononuclear  cells,  whereas  cells  which  passed  through  the 
columns were morphologically similar to the original unfractionated bone mar- 
row cell suspension. The data indicate the presence of an antibody or antibody- 
like  structure,  with  defined  immunological specificity,  on  the  surface  of  the 
normal bone marrow antigen-reactive cell. 
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